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Szgopsis

Procedures and standards for radiographlc inspection

as applied to welded structural steel highway bridges have not

been

clearly covered by any nationally accepted gspecification.

This paper outlines the procedure and standards

followed by the California Division of Highways and develops

data

to indicate the necessity for uniform standards covering

practical application to highway bridges.

A limited set of recommended standards are included

in the paper.

Supervising Highway Engineer, Itructural Materials Section,
Materials and Research Department, galifornia Division of
Highways. To be presented at the 37th Annual Meeting of
the Highway Research Board, Washington, D. C. January 6-10,

1958.
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Introduction

During the past ten years, the California Division of
Highways has constructed 2,2 bridges containing 110,000 tons of
welded structural steel, and at the present time has 56 bridges
under contract which will require 42,000 tons of welded structural
steel.

Radlography has been used as the primary nondestructive
method of examining the major stress carrying butt welds of all of
these structures. Its use, both as a working tool to locate and
correct defects, and as a factor to insure the integrity of welded
structures, has been successful. The cost of such radiographic
work is nominal when considering the usefulness of the radiographs.
However, a problem arises in the use of radiography because of the
lack of universally accepted standards developed specifically for
application to highway bridges. The purpose of this paper is to
show the need for such standards and to offer a suggested approach
to the problem.

The current edition of the American Welding Soclety's
specifications for Highway and Railway Bridges (modified to a
glight degree) is used to control the welded structural steel
fabrication of the California Division of Highways. In accordance
with these specifications the contractor is informed when radio-
graphic inspection is to be performed and of the radiographic

standards to be attained. The cost of the radiographic inspectlon

is directly borne by the 3State.
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As different types of bridge structures provide a variety
of welded joints needing radiographic examination, it is difficult
to quote a meaningful cost for such work based on tonnage of fabri-
cated steel. A more realistic figure is the cost for each reported
L.5- by 17-in. radliographic plate. This is the standard size film
used by California for bridge work. Presently, this radiographic
work is costing an average of $5.50 per f£iim. 1In 1955 the cost was
about $7.50 per film, whereas in 1949 each exposure cost was
approximately $25.00.

This cost per radiographic picture will vary from $2.00
per film to as high as $7.00 per film depending on the thickness
of joint, source of radiation, and ratio of travel time to radiow
graphic time. These factors will be influenced by the size and
design of each project and whether or not the radiographic work is
done for shop fabrication or field ersction.

In this State the actual radiography is performed in the
shops by commercial laboratories under service agreement and in
the field by State personnel equipped with the traveling unit shown

in Figure 3. California has standardized on the use of a L.5- by

17-in. radiographic plate.
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Inspection Procedure

With the possible exception of two steps, the fabrication
inspection procedure followed by the California Division of Highways
is approximately the same as that in general use throughout the
United States. The two steps which may represent differences are
(1) a prefabrication conference and (2) the procedure used for
radiographic inspection.

The California fabrication inspection procedure for
welded steel bridges can be divided into five important steps:

1. Prefabrication conference, at which the methods

and procedures to be followed by the fabricator
and by the inspector during fabrication are
discussed informally. The lmportant details and
requirements of the plans and specifications are
thoroughly reviewed at this time and any
differences of opinlon are resolved in advance
of the actual start of fabrication. This dis-
cussion is usually scheduled just before the
shop drawings are submitted for approval.

2. Prequalification of manual weldors, automatic

welding machine operators, and welding pro-
cedures. The first use of radiography is made
during this period in that each butt welded
gualification plate is radiographed before the
mechanical tests are conducted. This not only
shows what is meant by "radiographic quality"

but also eliminates useless machining and testing

of defective plates.
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Identification of the steel to mill test

reports by the inspector. Mill test reports
are witnessed and verified by a representative
of the State at the mill. Under specifications
only a small amount of unidentified steel may
be furnished, such steel is sampled and tested
by State personnel. During this time especilal
emphasis is placed on a means of positive
identification of special steels as they are
cut for use throughout fabrication.

Continuous visual inspection, supplemented by

nondestructive testing as necessary during
actual fabricatlion. Penetrant dye, hardness
testing, and radiography are the primary types
of nondestructive tests used during actual
fabrication. Approximately 80 percent (this
may be increased or decreased depending on job
experlence) of all butt welds to be used in
primary tenslon are radiographed, and a spot
radiographic check of all such welds to be
worked in compression 1s also performed (the
amount depends on job experience). Radiography
is not used on fillet welds. Butt welding 1s
controlled by visual inspectlon supplemented
by radiography, whereas fillet welding is
controlled by visual inspection supplemented

by the use of penetrant dye.
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Final inspection before and after sandblasting,

supplemented by an inspection after shipping to
the site for possible shipping damage. This
latter inspection is performed by the construction
engineer, who will also ineclude an "after ﬁand-

blasting" inspection if sandblasting is to be

dene in the field.
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Need for Radiographic Bridge Standards

A pandom analysls of 5808 radiographic plates exposed
during the fabrication inspection of california bridge structures
shows that 7 percent of the welded butt joints were not acceptable.
These defectlive joints occurred in spite of competent visual
inspection and prequalification of both procedure and personnel,
as well as full knowledge by the weldor that the weld was subject
to radiographic inspection. It is considered that this figure
would have been higher had the fabrication not been subjected to
the discipline of radlography. It is true that probably some of
the defective welds were already Xnown by the inspector to be
defective and that advantage was taken of the nonargumentative
position an ingpector assumes when backed by 2 radiograph. This,
however, does not affect the fact that 7 percent of the welded
Joints designed to carry major tensile stress when first fabricated
did contaln serious defects.

At the present time Paragraph 707 of the 1956 Standard
Speclfications for Welded Highway and Railway Bridges of the
American Welding Society states that the radiographic procedure
technique and standards of acceptance shall be specified or shall
conform to commercial practice. Tt is then stated as @ footnote
that the A.S.M.E. Boller Code, Sectlon VIII, Paragraph Uw=-51, is
an example of such practice. This code is one of the few generally

accepted commerclal specifications in existence and is excellent

— for the purposs intended.
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Howsver, the joints of a highway bridge structure and of

a pressurse vessel are subjected to different types of loading, and
while the standards for allowable defects in a welded joint of a
pressure vessel are somewhat acceptable for a highway structure,
there are several factors that need modification.

The first is porosity. While in a pressure vessel
porosity requires separate consideration, in a bridge structure it
is merely another defect and need be treated no differently than
the inclusion of slag or other deleterlous material. It is recog-
nized that the uniform sides of a gas bubble are probably less
likely to act as stress raisers than are the sharp edges of the hole
caused by a piece of slag; however, at present it is not felt that
sufficient information is available to justify the additional
interpretation that would be made necessary by segregation. The
major difference between the welded joints of a pressure vessel
and those of a bridge 1s that the pressure vessel joint normally
has no free edges, whereas a brildge structure joint often has two
free edges. References 1, 2, and 3 in the bibliography indicate
somewhat the effect of welding defects as well as the effect of
free edges and points of restraint on the initiation of fatigue
and static failures in welded joints.

In addition to the above points and of equal importance
is the fact that the A.S.M.E. code does not lend itself readily
to the required speed of quantitative gnalysis for bridge work.

Tt will be noted that this discussion is primarily

o concerned with allowable inclusions while other defects have been

ignored. As 1s indicated in the suggested standard (Figure 1),
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& 1t is considered that cracks, lack of penetration, overleap, and
incomplete fusion cannot be allowed. This is in accordance with
both the A.W.8. and A.S.M.E. codes, and no change is suggested
or considered desirable.
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california Radiographic Procedure

The purpose of radiography in the welding inspection
process ls to show the presence and nature of defects in the
interior of welds. This can be done, but to do it properly 1%t
is necessary to clearly define by a specification both the pro-
cedure and method of radiography to be used and also to define
the acceptable size and distribution of such defects in a welded
Joint.

At the present time California follows the procedures
outlined in Paragraph UW-51 of Section 8 of the A.S.M.E. Boiler
and Pressure Vessel Code dated 1952, insofar as radiographic
technique is concerned, California specifications further outline
that lack of penetration, incomplete fusion, or cracks of any type
are unacceptable. In addition, the presence of slag, porosity or
other inclusions in excess of the limits specified in Paragraph
607 of the Ameriéan Welding Society Specification D2.0-47 shall
constitute cause for the rejection of such welds as defective.

There is no guestion but that any primary structural
weld should not contain any of the first mentioned defects.

The second part of the specification, however; needs
revision. It can be overly restrictive in the cage of large
defects but too lenient in some cases, auch as over-all distri-
bution of small defects or distribution of defects along a free
o or within an area of restraint. Probably one good reason

edg
for the unsultability of thls A.W.S. Paragraph 607 in the inter-

pretation of radiographs lles in the fact that it was never

intended for such application. Its intent was that it would be
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applied to macrographic sections cut through the welded joint rather
than to a projection of a summation of the defects on a flat plate
such as i1s done in radiography.

Insofar as highway structures are concerned, the follow-
ing polints are considered to be most important in the technlque for
radiographic examination.

Radiography of highly stressed tension butt welds should
be performed after the joint has been ground. Since all butt
welded joints carrying primary tension stresses under California
construction specifications must be ground, this does not result in
any extra expense insofar as the radiographlc procedure is concerned.
Butt welded joints that need not be ground for stress carrying
purposes may be radiographed in their as-welded condition. This
means that the interpreter of the radiograph must be highly skillled
so as not to confuse the surface irregularities with internal
defects. For training purposes, typical radlographs of past work
are used, supplemented by the collections of reference radiographs
1ssued by A.S.T.M. (A.S.T.M. designation E 99) and by the Inter-
national Institute of Welding issued by Tekniska Rontgencentralen.
(References 7 and 8).

The radiographic technique to be followed must disclose
all defects having a thickness equal to and in excess of 2 percent
of the thickness of the base metal. In order to check this, at
least two penetrameters must be used. The thickness of the pene-

tpameter cannot be more than 2 percent of the thlckness of the

plate. The penetrameters are placed at each end of the area to be

radiographed. They are both placed on the slde of the joint nearest

the source of radlation. In addition to this, the film must be
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carefully identified by the use of lead numbers so that thelr image
will appear on the film but shall not interfere with the interpre-
tatlion of the film. The weld must also be marked by the weldor so
that he can be held accountable for his work.

In addition to insuring that i1t will be possible to see
the penetrameter, & technique must be followed that will guarantee
a sharpness of 1lmage delineation. This is of utmost importance in
the interpretation of a radiograph, especially if fine cracking is
present. This sharpness of the Ilmage is determined primarily by
the use of the proper source of radiation, film type, and exposure
for the thickness of joint being radiographed.

Radiography or any other form of nondestructive testing,
while & useful tool to the bridge engineer and inspection, 1is
novertheless not the cure-all. It cannot be substituted for compe-
tent visual inspection. Tt can only be used to supplement such
inspection. It has very definite 1imitations which must be recog-
nized by all who use it. The possible inability of radiography
to detect fine cracks is probably 1its most serious drawback. Since
2 percent sensitivity 1s about the maximum that should be expected
practioally from the radlograph, 1t can readily be understood how
a fine crack in thick material may escape detection. This is one
of the reasons why proponents of the use of ultrasonics in the
field of nondestructive testing of structural welding are gaining
recognition. Unfortunately, at the present time the use of ultra-
sonics in this f£ield 1s limited by the lack of skilled technicians
and a lack of education concerning the accepbance and interpretation

of the regults of ultrasonic measurements.
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& Radiography is also limited in areas where varying thick-
nesses of metal must be penetrated, such as the fillet weld used in
connecting a web to a flange. Once qualified, this type of weld
lends itself better to visual inspection, supplemented by penetrant
dye used to disclose the presence and extent of any possible
cracking.

|
!
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Proposed Radlographic Standards

In addition to simplification of inspection management,
two structural factors have influenced the selection of the
suggested standard of maximum inclusion to be used in the inter-
pretation of radiographic film, as shown by Figure 1 in the
Appendix of this paper. These are (1) the indications of restraint
and the tendency of flange metal to yield in the area directly under
s web or other stiffening medium and (2) the indications that a
defect close to the edge of =a tension stress carrying member tends
to concentrate the stress flow 1ines more than if the defect is
materially away from the edge of the joint.

Welded bridges are usually designed in accordance with
A.W.S. Specification D2.0-56 {Specifications for Weldéd Railway
and Highway Bridges) which cites no radlographic standeards directly
but does refer to the A.S.M.E. Boiler and Pressure Vessel Code.
Because of this and the 1ack of quantitative data cdncerning the
effect of weld metal discontlnuities on the strength of a welded
joint, it 1s not practicable to detail an engineered system of
radiographic inspection which would be cormensurate with the
intended function of 2a bridge Joint.

Consider the A.S,M.E. Boiler and Preossure Vessel. Code,
for example. Part UW-11 of the code states that all welded joints
over 13-in. thick, welded joints over l-in. thick of the harder
grades of carbon steel and of low alloy steels, welded joints in
vessels deslgned for pressures in excess of 50 psi, and welded

joints in vessels containing 1ethal substances should be radlo-

graphed throughout the entire length. (Nozzle and valve welds
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included in this category are not pertinent to this discussion.)
Joints other than these need only be spot examined by radlographic
methods.

Assume that a 1 1/8-in. welded joint is to be employed in
such a manner that, in accordance with Part UW-11 of the code, 1%
must be radiographed throughout its entire length. Paragraph M-2
of Part UW-51 states that radiographs of such a jJjoint may show 1t
to conbtain elongated slag inclusions up to 3/8-in. in length
without providing cause for rejection of the weld. Paragraph M-3
specifies that the total length of slag inclusions in any 13%-in.
length of the joint must not exceed 1 1/8-in. Paragraph M-l
1imits the permissible porosity to that illustrated in Appendlx A,

The porosity charts of Appendix A plcture a maximum per-
missible void size of 1/8-in. at a minimum clear spacing of LZ-in.
for a 1 1/8-in. joint, and also show other combinations of pore
size and spacing permissible in the hypothetical joint.

However, if the joint is to be used in such a manner that
only a spot radiographic examination is required, then Paragraph (&)
of UW-52 should be used rather than UW-5S1. UW-52 states that for
such inspection a negative may reveal 3/l-in. elongated slag in-
clusions in & 1:-in. joint without providing cause for rejection
1f the tobal length of slag inclusions in any 6 3/li-in. of the
joint does not exceed 1 1/8-in. No maximum 1imit of permissible
porosity 1s specified in this case.

Both of these standards consider porosity and slag in-
clusions separately. The question arlses as to how one appraises
the total effect of such imperfections on the joint when both

types occur gimultaneously. For application to bridge construction,

utas
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the validity of segregating and evaluating each type of imperfection
separately is questionable because of the inherent lack of precision
in qualitative radiographic examination.

Moreover, except for thickness and alloy content, parallels
between bridge and pressure vessel design are such that an inspector
or deslgn engineer would find it difficult to specify whether the
spot or the total method of inspection should be used for a particu-
lar joint. Hence, as applied to brldges, the standards in the
A.S.M.E. codes can serve only as arbitrary qualifative requirements
necessary to secure that degree of craftsmanship which 1s essential
in good welding practlce.

As set forth in the previous paragraphs, the A.S.M.E.
radiographic standards are qualitative rather than quantltative
when applied to bridges. In efforts to circumvent this drawback,
many agenciles have resorted to Paragraph 607 () of A.¥W.S. Specl-
fication D2.0-47 as a radiographic standard for accepting or
rejecting welded joints in bridge structures.

This too 1s somewhat arbitrary since the number of in-
clusions or voids permisgsible in a radiograph of a joint may vary
elther with the thickness of the joint or with some other inter-
pretation of the inspector. Further, individually acceptable
discontinuities may be so oriented as to appear as a single large
discontinuity on a radiograph of & joint and thereby cause un-
necessary rejection of the weld.

Experience has established that if radiographic standards
are to help the shop and field inspector of bridge construction,
they must be stated in a concise and explicit manner that will

eliminate all uncertainties of interpretation and application.
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To accomplish this, the standard shown by Figure 1 has
been developed by revising and combining the A.S.M.E. standards
for inclusions and porosity and the Paragraph 607 (a) of A.W.S.
Specification D2.0-l7 in such a way as to fit the requirements of
welded bridge construction. This has been done in the followlng
manner:

First, from A.3.M.E. Code UW-51, the maximum permissible
inclusion size (L=T/3) for joint thicknesses in +-in. increments
up to lé—in., versus the minimum permissible spacing (6.) assuming
optimum intervals between inclusions was graphed as shown on
Figure 2.

Second, from the same code, the maximum permissible in~
clusion size (T/3) for joint thickness in *-in. increments up to
1%-in. versus the minimum permissible averaged spacing assuming
non-ideal intervals was plotted on the same graph.

These limitations are outlined in the A.S.M.E. Pressure
Vessel Code, Part UW-51, Section M, Paragraphs 2 and 3.

Thipd, the variables as taken from Appendlx A of this
code for porosity and illustrated therein under large unaligned
porosity and large aligned porosity were plotted. Here the spacling
for unaligned poroslty was obtained from the square root of the
quotient of the area as measured from the Appendix A {llustration
divided by the number of volds illustrated., The size of the volds
was measured from the illustration.

Last, the variables were graphed as they might be intef—
preted from Paragraph 607 (a) of A.W.S. Specification D2.0-47. In
this case it was Interpreted that the maximum permissible length

of & single discontinuity is 1/16-in. for all joint thicknesses,

@ z=In)
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end the maximum total length of all such in any square inch of weld
section is limited to 3/8-in.

The A.S.M.E. standards on porosity and the interpretation
of A.W.S. Specification D2.0=l7 set forth in the previous para-
graphs were eliminated since extrapolation of the A.S.M.E. standard
for slag incluslons in the same range of inclusion size and spacéing
overlaps the first two, as can be seen from the graph.

This left the two A.S.M.E. standards as outlined in the
foregoing paragraphs, for spacing of slag inclusion, (one based on
1=6I, and the other on T=12T7), which were averaged and shown by the
1ine titled "Proposed Calif. standard", and became the basis for
the suggested system of radiographic standard interpretation. This
1ine was replotted on a separate sheet (Figure 1). The allowable
gize of incluslon was plotted along this slope and a chart was
constructed with the minimum distance bebween inclusions as the
absclissa and with the joint thickness as the ordinate.

At this point an additional limitatlion to allow for the
offect of edge dlstance and areas of restraint was incorporated.

As yet, data accumulated has been insufficient to enable an
engineered relationship to be established absolubely between the
working stresses of a beam and the position of weld metal imper-
fections with relation to the sectional and load geometry of that
beam. Nevertheless, it is obvious that some arbltrary limits in
this direction are advisable.

¢ited here is the paper of Reference 3. Nearly all the

tests listed in this paper indicate the fallures to be initiated

st & discontinuity in the web adjacent to the tension flange oOr

in the tenslion flange adjacent to the web. It 1s felt that this
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paper confirms the importance of insuring that the tensilon flange
adjacent to the web be as free of stress-raising discontinuitles
as possible.

Considering that a point of restraint in the joint, such
as the junction of a atiffening member or wWeb, and also that the
free edges of a Jjoint, may act as stress raisers in the same magni-
tude as large concentratlons of slag in the weld, then they could
be considered as a group of irregularly spaced slag inclusions.
sgection UW-51, M-3 of the A.S.M.E. code, states that the number of
such irregularly spaced inclusions must be reduced by 1/2 over that
permissible for regularly spaced inclusions. T,erefore, the
minimum space between a flange (joint) edge or toe of web fillet
weld and an incluslon was set 2 times greater than the minimum
distance between interior inclusions. This distance, together
with the length of the ineclugion involved, and with an allowance
for the thickness of the web fillets, determines the minimum flange
width that will tolerate the maximum size of inclusion.

The standards setb forth in this paper have been applied
to a random sampling of project radiographs on £ile and are found
to be practical. They were measured against both ease of inter~
pretation and feagibility under conditions of normal job production
as governed by modern welding practice and specifications.

gimulated examples of the application of various radlo-
graphic standards can be seen DY Figures Y4, 5, and 6. These
examples show the allowable spacing of maximum and minimum sized

inclusion under various standards &8 compared with the standard

proposed by this paper.
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Summary

1. The lack of a clear cut specification for radlography to be
applied to welded highway brldges has led to some confusion
and misunderstanding as to the value and use of radiography.

5. Radiography, if used intelligently, 15 well within the limits
of acceptable sconomical inspection charges.

3. Radlography or some other nondestructive means of detection
of intermal defects 1s necessary to assure the integrity of
a welded structural joint. Radiography 1is the most‘practical
nondestructive method presently available.

. Figure 1 in the Appendix presents a suggested atandard to be
used in interpreting radlographic £ilms of primary stress
carrying welded bridge butt joints.

5. Laboratory research is urged to further refine the standards
suggested 1in this paper and also to furnish basic data to
modify such standards for application to major compression

carrying butt welds, web members, and secondary members.

NS N fact
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Fig. |
(Sht. | of 2)

PROPOSED CALIFORNIA RADIOGRAPHIC STANDARD

All butt welds designed to carry primary stresses shall be
subject to radiographic inspection. The presence of any of the
following listed defects in excess of the limits indicated shall
result in rejection of the weld as defective:

~—
I L]
2.
3.
4,
—

ClibPD wyy v fastio . coim

Cracks — no cracking shall be allowed regardiess
of length or location.

Overlaps, lack of penetration, incomplete fusion—none
shall be aliowed,

Inclusions; including slag, porosity, and other deleterious
material, — less than 1/16" in greatest dimension shall
be allowed if well dispersed such that the sum of the
greatest dimensions of the inclusions in any linear

inch of welded -joint shall not exceed 3/8" and there
shall be no inclusion within 1" of the edge of a joint

or a point of restraint.

Inclusions; including slag, porosity, and other deleterous
material, — 1/16" or larger in greatest dimension shall

be allowed providing such defects do not exceed the
limits indicated by the chart, Sheet 2, of this Standard.
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Fig. |
(Sht.2 of 2)
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Figure 3
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